Utilisation of remote sensing for the study of debris-covered glaciers: development and testing of techniques on Miage Glacier, Italian Alps by Foster, Lesley A.
University of Dundee
DOCTOR OF PHILOSOPHY
Utilisation of remote sensing for the study of debris-covered glaciers: development
and testing of techniques on Miage Glacier, Italian Alps
Foster, Lesley A.
Award date:
2010
Awarding institution:
University of Dundee
Link to publication
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 17. Feb. 2017
DOCTOR OF PHILOSOPHY
Utilisation of remote sensing for the study
of debris-covered glaciers: development
and testing of techniques on Miage
Glacier, Italian Alps
Lesley A. Foster
2010
University of Dundee
Conditions for Use and Duplication
Copyright of this work belongs to the author unless otherwise identified in the body of the thesis. It is permitted
to use and duplicate this work only for personal and non-commercial research, study or criticism/review. You
must obtain prior written consent from the author for any other use. Any quotation from this thesis must be
acknowledged using the normal academic conventions. It is not permitted to supply the whole or part of this
thesis to any other person or to post the same on any website or other online location without the prior written
consent of the author. Contact the Discovery team (discovery@dundee.ac.uk) with any queries about the use
or acknowledgement of this work.
i 
 
CONTENTS 
 
CONTENTS 
 
LIST OF TABLES  
 
LIST OF FIGURES 
 
LIST OF EQUATIONS 
 
TERMINOLOGY 
 
ACKNOWLEDGEMENTS 
 
DECLARATION 
 
ABSTRACT  
 
Page 
i 
 
viii 
 
xi 
 
xviii 
 
xix 
 
xxiii 
 
xxiv 
 
xxv 
CHAPTER 1: INTRODUCTION 1 
1.1. Background 1 
1.2. Aims and objectives 
1.3. Thesis synopsis 
 
5 
8 
CHAPTER 2: APPLICATION OF REMOTE SENSING TO THE STUDY AND MONITORING OF 
DEBRIS-COVERED GLACIERS: A LITERATURE REVIEW 
10 
2.1. Introduction  
2.2. Debris-covered glaciers 
10 
10 
2.2.1. Development of debris cover and lateral debris movement 13 
2.3. Impact of debris cover on glacial surface processes  14 
2.3.1. Thermal Properties of a debris layer  14 
2.3.1.1. Thermal conductivity (K) 15 
2.3.1.2. Thermal resistance (Tr) 16 
2.3.1.3. Thermal diffusivity (Tdf) 16 
ii 
 
2.3.1.4. Specific heat capacity (c) 17 
2.3.1.5. Conductive heat flux (COND) 18 
2.3.2. Factors which affect the thermal properties of a debris layer 18 
2.3.2.1. Sediment texture (grain size) 19 
2.3.2.2. Sediment lithology (composition) 19 
2.3.2.3. Debris moisture content 20 
2.3.3. Ablation rates on debris-covered glaciers 21 
2.4. Thermal remote sensing 22 
2.4.1. Thermal infrared energy  23 
2.4.2. Interaction of thermal infrared energy with the atmosphere 24 
2.5. Previous applications of satellite imagery: ‘clean’ glacial monitoring 25 
2.5.1. GLIMS 25 
2.5.2. Surface albedo 26 
2.5.3. Glacier motion 27 
2.5.4. Changes in glacial extent and elevation  28 
2.6. Previous applications of satellite imagery: debris-covered glacier monitoring 29 
2.6.1. Glacier boundary and debris mapping 29 
2.6.2. Digital elevation models (DEM’s), generation, and surface change estimation 32 
2.6.3. Surface velocity measurements 33 
2.7. Lithology mapping using remote sensing  34 
2.8. Debris thickness estimations from satellite imagery 36 
2.8.1. Surface energy balance  36 
2.8.2. Short wave radiation (SWR) 38 
2.8.3. Long wave radiation (LWR) 39 
2.8.4. Sensible (SHF) and latent heat fluxes (LHF) 39 
2.8.4.1. Eddy covariance method 40 
2.8.4.2. Profile methods 41 
2.8.5. Calculating melt rates (modelling) 45 
2.8.6. Previous application to debris-covered glaciers 46 
iii 
 
2.8.6.1. Surface temperature 46 
2.8.6.2. Surface layer (in)stability in turbulent fluxes 49 
2.8.6.3. Thermal properties of debris layer 49 
2.8.6.4. Distributed modelling 51 
2.9. Key research questions 
2.10. Summary 
 
52 
54 
CHAPTER 3: STUDY SITE 56 
3.1. Introduction 
3.2. Site description 
3.3. Study site selection  
56 
56 
59 
 
CHAPTER 4: METHODOLOGY 
 
60 
4.1. Methodology/research design  
4.2. Field data collection 
60 
62 
4.2.1. Meteorological data – automatic weather station (AWS) 63 
4.2.1.1. Longwave radiation (LWR) and Shortwave radiation (SWR) 65 
4.2.1.2. Air temperature data (HMP45C sensors) 65 
4.2.2. Surface temperature data 66 
4.2.3. Debris thickness  measurements 68 
4.2.4. Ablation measurements 71 
4.2.5. Relationship of air temperature to surface temperature measurements 71 
4.2.6. Rock lithologies 73 
4.3. Remotely sensed data and image pre-processing 75 
4.3.1. ASTER DEM 77 
4.3.2. Orthophoto DEM 79 
4.3.2.1. Slope and Aspect  80 
4.4. Summary  81 
  
iv 
 
CHAPTER 5: EXTRACTING DEBRIS THICKNESS FROM THERMAL BAND IMAGERY  83 
5.1. Introduction  83 
5.2. Methodology 
5.3. Validation of ASTER with field observations 
85 
86 
5.3.1. Surface thermistor temperatures vs. ASTER temperatures 86 
5.3.2. Spatial variability of surface temperatures 87 
5.3.3. Analysis of the effects of different microenvironments on thermistor temperature 91 
5.3.3.1. Rock underside 94 
5.3.3.2. Comparison of rock type 96 
5.3.3.3. Shading  97 
5.3.3.4. Varied depths 99 
5.4. Surface temperature-debris thickness relationship  100 
5.4.1. Surface data from thermistors 100 
5.4.2. Debris thickness variability  102 
5.5. Estimating debris thickness with ASTER imagery   107 
5.5.1. Empirical method 107 
5.5.1.1. Debris temperature relationship 107 
5.6. Energy balance modelling  111 
5.6.1. Energy balance modelling:  application 112 
5.7. Extracting debris thickness values through an energy balance model 116 
5.7.1. Application of the model 116 
5.7.2. Testing transferability of air and surface temperature relationship  
5.7.2.1. Application to different days with similar weather conditions 
5.7.2.2. Application to different locations on the glacier surface 
124 
124 
126 
5.8. Debris thickness maps derived from 2005 ASTER thermal imagery 127 
5.9. Evaluation of calculated debris thickness  130 
5.9.1. Visual comparison 130 
5.9.2. Numerical comparison 131 
5.9.2.1. Field data – 2005 stake data 131 
v 
 
5.9.2.2. Field data – 2006/2007 transect data 
5.9.2.3. Supraglacial debris load 
134 
135 
5.9.2.4. Comparison of Mihalcea et al., (2008) thickness estimates  136 
5.10. Sensitivity analysis 139 
5.10.1. Conductivity 139 
5.10.2. Surface roughness value (zo) 140 
5.10.3. Emissivity 141 
5.10.4. Slope and aspect  143 
5.10.5. Application of variable LWR values 145 
5.11. Comparison with 2004 debris thickness map – from ASTER  149 
5.12. Testing of Mihalcea et al., (2008)  154 
5.13. Summary 
 
157 
CHAPTER 6: CHANGES IN DEBRIS COVER EXTENT OVER TIME  160 
6.1. Introduction 160 
6.2. Remotely sensed data 162 
6.2.1. Landsat imagery 162 
6.2.2. ASTER imagery 163 
6.3. Methodology 163 
6.3.1. Manual delineation  163 
6.3.2. Semi-automatic methods 164 
6.4. Method testing and development  165 
6.4.1. Manual digitising 165 
6.4.1.1. Sporadic debris problems and its treatment  166 
6.4.2. Semi automatic method 167 
6.4.2.1. Method problems  
6.5. Debris extent results 
170 
175 
6.5.1. Manual digitising: precision analysis 
6.6. Analysis of results  
176 
vi 
 
6.6.1. Glacier snout 178 
6.6.2. Middle reaches 179 
6.6.3. Upper reaches 180 
6.7. Discussion of results 182 
6.8. Summary 
 
183 
CHAPTER 7: MONITORING SURFACE ELEVATION CHANGES AND VELOCITY AS A MEANS 
OF ASSESSING THE MASS BALANCE STATUS OF DEBRIS-COVERED GLACIERS  
185 
7.1. Introduction  185 
7.2. Elevation data 187 
7.2.1. Error analysis 187 
7.2.1.1. Geographical accuracy 187 
7.2.1.2. Vertical accuracy   190 
7.2.1.3. Elevation differences related to slope and aspect  194 
7.3. Extracting elevation changes 196 
7.4. Surface elevation changes 196 
7.4.1. Discussion of results 201 
7.5. Surface Velocity  201 
7.6. Summary  
 
204 
CHAPTER 8: MAPPING OF LITHOLOGY USING REMOTLEY SENSED DATA; DEVELOPMENT 
AND TESING USING ASTER IMAGERY  
206 
8.1. Introduction 206 
8.2. Methodology  208 
8.2.1. Rock unit spectral reflectance  208 
8.2.2. Cluster analysis 210 
8.2.3. Supervised classification  211 
8.2.4. Validation data 213 
8.2.5. Unsupervised classification 214 
8.3. Results  214 
vii 
 
8.3.1. Rock samples 214 
8.3.2. Cluster analysis results  218 
8.3.3. Supervised classification results  221 
8.3.4. Comparison to field data  224 
8.3.4.1. 2007 and 2009 field data 224 
8.3.4.2. Field photographs  226 
8.3.5. Unsupervised classification results  227 
8.4. Implications 229 
8.5. Summary  232 
 
CHAPTER 9: DISCUSSION 
 
234 
9.1. Introduction  234 
9.2. What was known prior to this study? 
9.3. What is known now the study has been completed? 
234 
235 
9.4. Applicability of findings in both a Glaciological and remote sensing perspective 239 
9.4.1. Glaciological 
9.4.2. Remote sensing  
239 
241 
9.5. Future work 242 
9.6. Summary  247 
 
CHAPTER 10: CONCLUSION 
10.1. Concluding Comments 
 
BIBLIOGRAPHY  
 
APPENDIX 
 
248 
251 
 
252 
 
263 
 
 
 
viii 
 
LIST OF TABLES 
 Page 
TABLE 2.1: Thermal conductivities of a variety of materials 1 Gupta (2003), 2 Oke (1987). 15 
TABLE 2.2: Example thermal diffusivities 2 Drury (1993), 2Oke (1987). 17 
TABLE 2.3: Example Specific heat capacities 1 Gupta (2003), 2 Oke (1987). 18 
TABLE 2.4: a) Published albedo values for different surfaces, 1 Knap et al., (1999), 2Jumikis (1977), b) 
Variation of albedo with differences in debris cover (Brock et al., 2000). 
20 
TABLE 2.5:  Comparison of ablation rates on clean and debris covered ice on the Columbia glacier, North 
Cascades, Washington (Pelto, 2000). 
21 
TABLE 2.6: Critical and effective thicknesses, 1Mattson (2000), 2Popovnin and Rozova (2002), 3Mattson et al., 
(1993), 4Kayastha et al., (2000) 5Kirkbride and Dugmore (2003), 6Driedger (1981, cited in Kirkbride and 
Dugmore, 2003), 7Brock et al., (2000). 
21 
TABLE 2.7: Aerodynamic roughness lengths on both clean and debris-covered glaciers. 44 
TABLE 4.1: Meteorological Instrument specifications. 62 
TABLE 4.2: Meteorological station details. 63 
TABLE 4.3: Details of thermistor probe positioning and duration of sampling period. 66 
TABLE 4.4:  Location of debris thickness measurements in 2005, 2006, and 2007. 
TABLE 4.5: Satellite data used (1Aster-web NASA, 2008; 2 Lang and Welch, 1999; 3 Land Process Distributed 
Active Archive Centre, 2008). 
70 
75 
TABLE 4.6: Wavebands of the Landsat MS, TM and ETM+ and the ASTER sensor bands. 76 
TABLE 5.1:  Summary of surface temperatures for all spatial scales, a) 2 m and 5 m small scale transects, b) 
large scale 20 m transects. 
90 
TABLE 5.2: Example temperature values from the upper and underside of a rock at 10:40 (time of ASTER image 
acquisition) 
96 
TABLE 5.3: Example temperature values from rocks with different albedo (one a dark schist, the other a lighter 
granite) at 10:40 (time of ASTER image acquisition) 
96 
TABLE 5.4: Correlation coefficients of debris thickness vs. surface temperature at different times. 100 
TABLE 5.5: Sill values for each of the transects in the lower, middle and upper reaches. 103 
TABLE 5.6: Mean flux values over a 24 hour period (01/08/05). 113 
TABLE 5.7: Air temperature values generated from surface temperature using both regression coefficients from 
a single day’s data between 08:00-10:00 and 10 days data between 08:00-10:00. 
125 
ix 
 
TABLE 5.8: Differences of estimates from measured thicknesses (at each of the stake locations in 2005) for each 
of the four images. 
133 
TABLE 5.9: Average debris thickness for transect area and ASTER debris thickness estimate for the same 
transect (ASTER thickness estimate for entire transect calculated using surface temperature extracted from the 
mid point of each transect), where: 1 = Energy balance method (Ta equation 08:00-10:00) zo 0.002 m, 2 = 
Energy balance method zo 0.003 m (Ta equation 08:00-10:00), 3 = empirical linear approach, 4 = empirical 
quadratic approach a) 2006, all transects 5 m spacing, b) 2007, upper transect 5 m and lower transect 20 m 
spacing. 
135 
TABLE 5.10:  Total supraglacial debris load, adjusted for assumed void space (average glacier value of 38% 
applied) 
136 
TABLE 5.11:  Impact of different thermal conductivity values on debris thickness estimates, using the maximum, 
minimum and average thermal conductivity values recorded at the 25 stake locations in 2005, zo of 0.001m used.  
Average debris thickness and standard deviation results generated from all debris thickness estimates from every 
ASTER pixel, along with debris thickness estimates at the weather station site (known debris thickness of 0.16m). 
139 
TABLE 5.12: Average thickness estimates, and standard deviations from all ASTER pixels, and debris thickness 
estimates with varying zo values, conductivity 0.96 Wm-1 K-1. 
140 
TABLE 5.13: Impact of different emissivity values on surface temperatures (10:40 01/08/05) and resulting debris 
thickness estimates at the AWS (measured depth 0.16 m) using the energy balance model (air temperature 
measured), zo 0.001 m, conductivity 0.96 Wm-1 K-1. 
142 
TABLE 5.14: Impact of including slope and aspect in the debris thickness estimation model, using a zo of 0.001 
m. Firstly, with an average value for both slope and aspect for the entire glacier, secondly with an individual 
slope and aspect value for each pixel, with mean debris thickness values generated using debris thickness 
estimates from all ASTER pixels on the glacier.  Also comparison of results using slope and aspect to the 
measured value at the AWS, with the slope and aspect value extracted for the corresponding pixel to the AWS 
(slope 4o, aspect 123o), actual debris thickness at the AWS 0.16 m. 
143 
TABLE 5.15: Total supraglacial debris load, adjusted for assumed void space (average glacier value of 38% 
applied) 
144 
TABLE 5.16: Total supraglacial debris load, adjusted for assumed void space (average glacier value of 38% 
applied) 
148 
TABLE 5.17: Total supraglacial debris load, adjusted for assumed void space (average glacier value of 38% 
applied) 
152 
TABLE 6.1: Precision uncertainty in manual digitising, with the maximum and minimum errors being the largest 
and smallest distance between any of the digitised lines at random sample locations (25 locations in total), 
precision uncertainty is also related to actual pixel size to identify the maximum uncertainty in terms of the 
177 
x 
 
number of pixels,  
TABLE 6.2: Debris covered area from manually delineated extents and semi-automatic method. 175 
TABLE 7.1: Average errors experienced at 30 sample points between each DEM a) flat ground, b) steep terrain. 191 
TABLE 8.1: Number of training sites and total number of pixels wihtin these training sites for each rock unit, 
and slope class. 
213 
TABLE 8.2: Classified rock samples collected in 2007. 215 
TABLE 8.3: Percentage of sites appear in the same group regardless of using ASTER wavebands only or all 
wavelengths available. 
220 
TABLE 8.4: a) Confusion matrix and accuracy of supervised classification, b) producer’s and user’s accuracies. 222 
TABLE 8.5: 2007 and 2009 field samples of rock type against classification rock type for the corresponding 
pixel, if a sample point was located on the boundary of two rock types both rock types are identified. 
225 
TABLE 8.6:  Rock types present at each field photograph site compared to rock type identified by the supervised 
classification. 
226 
TABLE 8.7: 2007 Field samples of rock type against unsupervised classification rock type for the corresponding 
pixel, if a sample point was located on the boundary of two/three rock types all rock types are identified. 
228 
TABLE 8.8: Emissivity, true kinetic temperature and radiant temperature of 5 materials at 300 K and 27 oC 
(Jensen, 2000). 
229 
TABLE 8.9:  Example emissivity values for rock types found on the Miage Glacier (columns 1 and 2), and effect 
on surface temperature retrieval and calculated debris thickness values using the energy balance model, 1Jensen 
(2000), 2Oke (1987), 3 Hunt (1989). 
231 
 
 
 
 
 
 
 
 
 
 
 
xi 
 
LIST OF FIGURES 
 Page 
FIGURE 2.1: Exposure of a medial moraine in the ablation zone, AD = ice-debris interface, AE = moraine crest, 
B = ice core, AC = level of nearby glacier not affected by differential ablation (Kirkbride, 1995). 
12 
FIGURE 2.2: Cycle of ridge and trough development.  13 
FIGURE 2.3:  Relationship between debris cover thickness and ablation (Mattson et al., 1993). 22 
FIGURE 2.4: Absorption, emission, transmission, and reflection of thermal infrared energy from an object. 23 
FIGURE 2.5: Diurnal surface temperature variations of both bare rock and debris lying on ice (Taschner and 
Ranzi, 2002). 
31 
FIGURE 2.6:  Reflectance curves for three rock families showing spectral similarities of reflectance and 
absorption features, a) limestones, b) sandstones, c) shales(Prost, 1994).   
35 
FIGURE 2.7: Stability functions against the Richardson number, showing the flow regimes that occur at different 
Richardson number values(Oke, 1987). 
42 
FIGURE 2.8: Vertical temperature profiles within a debris layer on Ngozumpa Glacier, Nepal (Nicholson and 
Benn 2006). 
48 
FIGURE 3.1: Map showing the location of the Miage glacier within the Mont Blanc Massif – the Western Alps 
(Deline, 2005). 
57 
FIGURE 3.2: Map of the Miage glacier showing its physical characteristics (Thomson et al., 2000). 58 
FIGURE 4.1:  Lower Weather Station (LWS) in 2005. 64 
FIGURE 4.2: Location of weather stations in 2005, 2006, and 2007, with inset’s showing detail of slight location 
variation in the upper and lower locations between years (ASTER 2000, VNIR 1). 
64 
FIGURE 4.3: Correction applied to air temperature data; example of 01/08/05. 65 
FIGURE 4.4a-d: Location of two thermistor probes at four site locations a) 2007 with one sensor on the top of the 
rock and the other on the bottom, b) 2007 one sensor on a lighter granite  the rock and another on a darker schist, 
c) one sensor in slight shade one in direct sun, d) one on thicker and the other on thinner debris layer near 
exposed ice. 
67 
FIGURE 4.5: Surface temperature stake locations in 2005 (ASTER 2000, VNIR1). 67 
FIGURE 4.6: Location of surface thermistors during 2007 field campaign (ASTER 2000, VNIR 1). 68 
FIGURE 4.7: Debris thickness measurement locations in 2005, 2006, and 2007, with zoomed in detail of 2007 
transect in the upper reaches of the glacier (ASTER 2000, VNIR 1). 
70 
FIGURE 4.8: Air and surface temperature measuring equipment and set up. 72 
xii 
 
FIGURE 4.9: Portable air and surface temperature measurements (03/09/07) (ASTER 2000, VNIR 1). 72 
FIGURE 4.10:  Location of rock sample collection points. 73 
FIGURE 4.11: Field sketch showing rock type distribution in 2007. 74 
FIGURE 4.12:  Rock lithology observations 2009. 74 
FIGURE 4.13: Generation of DEM through stereo image collection (ERSDAC, 2005). 78 
FIGURE 4.14: 1991 orthophoto DEM of the Miage Glacier and surrounding landscape. 80 
FIGURE 4.15: a) slope and b) slope aspect for each pixel in the DEM. 81 
FIGURE 5.1: ASTER surface temperatures vs. thermistor surface temperatures (01/08/05 10:40) at 21 sample 
points and corresponding ASTER pixels, 1:1 relationship line plotted. 
87 
FIGURE 5.2: Surface temperature values with comparison between daily 10:40 temperatures and average values 
for the sample period a) 2m spacing glacier transect (20/06/07 - 21/06/07), b) 5m spacing glacier transect 
(22/06/07 – 17/07/07), c) 20 m spacing glacier transect (31/08/07 – 04/09/07), d) Average surface temperature 
during the night (00:00-06:00) – of the 5m across and down glacier transect. 
89 
FIGURE 5.3: Relationship between the surface energy exchange and the diurnal cycle of surface temperature 
(Oke, 1987). 
92 
FIGURE 5.4: Characteristic diurnal pattern of surface temperature – average temperatures calculated from the 
entire 2005 data season (06/06/05 – 08/09/05), recorded at the LWS. 
92 
FIGURE 5.5: Diurnal Ts and SWR↓ 01/08/05 showing fluctuations between 07:30-20:00 at LWS site. 93 
FIGURE 5.6: Diurnal cycles of temperature at different depths (0cm, 6cm, 12, cm), from a sensor profile located 
at the LWS, where total debris thickness was 20 cm.   
94 
FIGURE 5.7: a) location of thermistors b) Average diurnal temperature variability between 31/08/07-04/09/07 of 
a thermistor sensor placed on the top of a rock and another placed on the underside, clast thickness ~0.02 m 
(Thermistor located 100 m from the LWS). 
95 
FIGURE 5.8: a) Tiny_Tag 13_14 at the AWS site, b) ‘typical’ diurnal temperature variations (31/08/07-04/09/07) 
between thermistors on different rocks, one a dark schist, the other a lighter granite. 
97 
FIGURE 5.9: Diurnal temperature variations between a thermistor paced in a shaded location and the other in an 
open location, a) thermistor location, b) average hourly surface temperatures (31/08/07-04/09/07). 
98 
FIGURE 5.10: Average daily temperature variations between thermistors on debris thicknesses 0.4 m and 0.05 m 
a) Location of thermistors, b) Average hourly surface temperatures for the sampling period (31/08/07-04/09/07). 
99 
FIGURE 5.11: Surface temperature(from surface thermistors) vs. debris thickness at a) 10:40 01/08/05 (time of 
ASTER image acquisition) in 2005 (stake locations – over entire glacier) and b) 10:40 31/08/07 (debris transect 
locations middle glacier), c) Average surface temperature between 06:00-12:00 01/08/05, d) Average surface 
temperature between 00:00-03:00 01/08/05. 
101 
 
xiii 
 
FIGURE 5.12: Photographs of the upper transect a) 2006, b) 2007 arm 1, c) 2007arm 3, showing transect was 
taken along the top of  steep sided moraine, d) 2007arm 4, taken up towards the top of a steep ice cliff, e) 2007 
arm 2, transect from the top of the steep moraine into the trough area.  Red marking show transect direction. 
104 
FIGURE 5.13: Photos of the middle transect a) arm 1, across glacier, showing transect was taken over a moraine, 
b) arm 2, across glacier, also across a moraine, c) arm 3, down glacier d) arm 4, up glacier, along a steep 
moraine also showing large number of large boulders on the top of the moraine.  Red lines show transect 
direction. 
105 
FIGURE 5.14: Photographs of the lower transect, a) arm 1, across glacier, showing samples were taken across a 
moraine, b) arm 2, c) arm 3, up glacier, showing transect was taken along the top of a moraine, d) arm 4.  
Transect direction shown by red lines. 
106 
FIGURE 5.15: Thermistor temperatures plotted against debris thickness, a) linear line of fit applied 01/08/05 at 
10:40 (thermistor temperatures), b) linear line of fit applied 01/08/05 at 10:40 (ASTER temperatures), c) 
Quadratic line of fit applied 01/08/05 at 10:40(thermistor temperatures), d) Quadratic line of fit applied 01/08/05 
at 10:40 (ASTER temperatures). 
108 
FIGURE 5.16: Plots of debris thicknesses against ASTER pixel temperature obtained for both linear and 
quadratic regression equations, with linear extension to the quadratic plot for shallow debris depths. 
109 
FIGURE 5.17: Plotted results of different surface energy fluxes at 10 minute intervals, with ∂STOR calculated 
hourly 01/08/05 measured at the LWS. 
113 
FIGURE 5.18: Melt rate in water equivalent units as a result of COND at hourly timescales on the 01/08/05. 114 
FIGURE 5.19: Average hourly summer daytime fluxes 2005 (June-September) measured at the LWS. 115 
FIGURE 5.20: Estimated debris thickness from the energy balance model at the AWS stie on 01/08/05 (z0 = 0.001 
m) for the time period when the assumption of a linear downward temperature profile in the debris is likely to be 
met (08:00-16:30). Point thickness measured at the AWS site is 0.16 m. 
117 
FIGURE 5.21: Debris thickness estimates and actual thicknesses at different sites, using a fixed air temperature 
value (measured at the LWS), and measured thermistor surface temperatures. 
118 
FIGURE 5.22: a) Mean hourly temperature lapse rates between the upper and lower AWS 23/06/07, b) Mean daily 
cycles of hourly temperature lapse rates between the upper and lower AWS for 2006 (LR06) and 2007 (LR07) 
seasons (Brock et al., in press), c) Mean daily cycle of air and surface temperature for the 2005 ablation season, 
with air temperature measured at 3 heights: 0.5 m, 1 m, and 2 m, surface temperature recorded using surface 
thermistors (Brock et al., in press) Plot of air vs. surface temperature 01/08/05 to determine correlation of the two 
variables, a) air temperature vs. CNR1 estimated surface temperature, b) air temperature vs. surface thermistor 
ground temperature. 
120 
FIGURE 5.23: Plot of air vs. surface temperature 01/08/05 to determine relationship between the two variables, 
air temperature vs. CNR1 estimated surface temperature. 
121 
xiv 
 
FIGURE 5.24: Surface temperature (CNR1) vs. Air temperature at 2 m 01/08/05, 2 hourly intervals. 122 
FIGURE 5.25: Mean wind speeds recorded at the AWS showing a lull in the early morning on both the 601/08/05, 
and using average values for the summer 2005 period. 
123 
FIGURE 5.26: Regression plot of air and surface temperature relationship between 08:00-10:00, 01/08/05, CRN1 
data relationship. 
124 
FIGURE 5.27: Regression plot of air and surface temperature relationship between 08:00-10:00 on 10 days with 
similar weather conditions to 01/08/05, both air and surface temperature measured at the LWS. 
125 
FIGURE 5.28: 2m air temperature vs. surface temperature on two different days, 31/08/07 (11:19-12:16) and 
03/09/07 (11:30-13:50), with different surface materials highlighted.   
127 
FIGURE 5.29:  Estimated debris thickness for the entire debris covered portion of the glacier using a) linear 
empirical approach, b) quadratic empirical relationship, c) energy balance model approach zo of 0.002 m applied, 
and Ta equation from 01/08/05 08:00-10:00, d) energy balance model approach zo of 0.003 m applied, and Ta 
equation from 01/08/05 08:00-10:00. 
128 
FIGURE 5.30: Impact of zo, wind speed and temperature gradient on calculated SHF values.  129 
FIGURE 5.31: Field map of measured thicknesses in 1997 (unpublished map cited in Diolaiuti et al., 2006). 131 
FIGURE 5.32: Comparison of thickness estimates obtained using an energy balance approach zo 0.002, air 
temperature regression equation 01/08/05 08:00-10:00, b) energy balance approach zo 0.003, air temperature 
regression equation 01/08/05 08:00-10:00, c) a empirical linear approach with different equations for each 100 m 
elevation band (starting at 1700-1800, up to 2400 – 2500 m) (Mihalcea et al.,2008) Ts from 01/08/05 ASTER 
image. 
138 
FIGURE 5.33: CRN1 Ts values with different emissivity values applied. 142 
FIGURE 5.34: Debris thickness estimates when a) when different aspect/slope values are used for each pixel, b) 
average slope and aspect values are used in the model – both obtained from an orthophoto DEM, with a zo of 
0.001 m. 
144 
FIGURE 5.35: a) Calculated LWR values, b) debris thickness when LWR is calculated for each ASTER pixel zo 
0.016 m, c) debris thickness when LWR is calculated for each ASTER pixel zo 0.03 m, d) debris thickness when 
calculated SWR from each pixels slope and aspect is used with the calculated LWR values, zo of 0.016 m used. 
147 
FIGURE 5.36: Surface temperatures in a) 29/07/04, b) 01/08/05 from corresponding AST08 images. 150 
FIGURE 4.37: 27/07/04 Debris thickness with air temperature calculated using 08:00-10:00 equation, a) zo 0.002 
m, b) zo 0.003 m. 
151 
FIGURE 5.38: Differences between debris thickness estimates in 2005 and 2004, a) zo 0.002 m b) zo 0.003 m.  151 
FIGURE 5.39: Debris thickness maps using the empirical approach of Mihalcea et al., (2008) a) 2005, b) 2004. 155 
FIGURE 6.1: Identification of debris areas showing clear difference between dark debris-covered areas, blue-grey 164 
xv 
 
(ice) and white (snow) non-debris covered areas,  b) manually digitised areas of debris cover, shown in green 
(ASTER false colour composite image R:1, G:2, B:3N 14/08/04). 
FIGURE 6.2: Field photographs illustrating debris-free areas in the upper reaches of the glacier and also the 
problem of snow cover at the upper limit of debris cover, a) Tributary Glacier de Mont Blanc, July 2007, b) upper 
limit of debris cover on the Miage June 2005, c) upper limit of debris cover on the Miage June 2006, d) upper limit 
of debris cover on the Miage June 2007. 
166 
FIGURE 6.3: Processing steps completed for debris extent identification on Landsat TM 10/09/90 image, a) 
TM4/TM5 band ratio, with glacier areas white, b) TM4/TM5 band ratio image with threshold of 2 applied, 
glaciers white, c) IHS image of TM band 3,4,and 5, d) IHS channel 2 (hue image) with threshold of 126 applied, 
therefore, all vegetation removed, e) Slope image showing areas <24o (white), f)  debris extent (white). 
168 
FIGURE 6.4: Processing steps completed for debris extent identification on ASTER 14/08/04 image , a) 
VNIR3/SWIR4 band ratio, with glacier areas white, b) VNIR3/SWIR4 band ratio image with threshold of 2 
applied, glaciers white, c) IHS image of TM band 3,4,and 5, d) IHS channel 2 (hue image) with threshold of 126 
applied, therefore, all vegetation removed, e) Slope image showing areas <24o (white), f)  debris extent (white). 
169 
FIGURE 6.5: Photograph showing steepness of medial moraines, Miage Glacier. 170 
FIGURE 6.6: 1991 Orthophoto DEM slope map showing high lateral slope angles of the medial moraines. 171 
FIGURE 6.7: Application of different slope angles to the orthophoto DEM (step 5 of semi-automatic. 
classification), a) orthophoto with slopes >24o removed, b) debris extent map with slopes>24o excluded applied to 
ASTER 2004, c) orthophoto with slopes >30o removed, d) debris extent map with slopes >30o removed applied to 
ASTER 2004, e) orthophoto with slopes >45o removed, f) debris extent map with slopes >45o removed applied to 
ASTER 2004. 
172 
FIGURE 6.8: ASTER DEM a) slope image with all slopes >24o removed, b) debris extent image with ASTER DEM 
slope image applied (slopes >24o removed) to semi-automatic method, c) slope image with all slopes >30o 
removed, d) debris extent image with ASTER DEM slope image applied (slopes >30o removed) to semi-automatic 
method, e) slope image with all slopes >50o removed, f) debris extent image with ASTER DEM slope image 
applied (slopes >50o Removed) to semi-automatic method. 
174 
FIGURE 6.9: a) 1975satellite image highlighting  problems of both corase spatial resolution and snow,b) 2006 
ASTER image showing issues of snow and cloud cover which obsure the glacier.    
175 
FIGURE 6.10: Debris extent variations, a) manual method 10/09/90, b) semi-automatic method 10/09/90, c) 
manual method 14/08/04, d) semi-automatic method 14/08/04. 
FIGURE 6.11: Precision analysis of manually digitised debris extents, a) Landsat TM 10/09/90, b) ASTER 
14/08/04 
176 
 
177 
FIGURE 6.12: Precision error sources in manual digitising, due to fuzzy boundaries between debris and clean ice. 178 
FIGURE 6.13: Lower reaches a) 2004 debris extent from Paul et al., (2004) method, b) 2004 debris cover 179 
xvi 
 
manually delineated (green debris cover), c) completely covered glacier snout (looking down glacier) June 2006, 
d) completely covered glacier snout (looking up valley towards the glacier) August 2007. 
FIGURE 6.14: Middle reaches a) 2004 Debris cover of middle reaches using Paul el al. (2004) method, b) 2004 
debris cover manually delineated, c) completely covered medial moraine June 2006 (1), d) completely covered 
areas away from the medial moraine June 2006 (3), e) bare ice on exposed cliff faces August 2007 (2). 
180 
FIGURE 6.15: Upper reaches a) 2004 Debris cover from upper reaches using Paul et al., (2004) method b) debris 
cover manually delineated (green = debris, yellow = bare ice), c) bare rock between tributary glaciers – glacier 
de Mont Blanc 2005 (1), d)-e) 1990 and 2004 Satellite images showing area of bare rock on the slopes of the 
glacier de Mont Blanc appears to look debris covered (area circled in red) , f) medial moraines – debris covered 
August 2007 (2). 
181 
FIGURE 6.16: Debris cover development of the Miage Glacier between 1770-1940, Key: 1 – Clean ice, 2 – 
discontinuous debris cover, 3 – continuous debris cover, 4 – medial moraine, 5 – local rock-avalanche deposit 
(Deline, 2005). 
182 
FIGURE 7.1: Location of 2005 stakes and 2007 GPS base station on a) 2000 ASTER image, b) 2006 ASTER 
image showing geolocational error on 2006 image, c) 2006 (newly georeferenced) images showing removal of 
geolocation errors from the 2006 ASTER images. 
189 
FIGURE 7.2: Locations of sample points on flat ground and steep terrain. 190 
FIGURE 7.3:  Location of sample points and error values found at each site 2005-2006, showing increase in error 
where snow, cloud, or shadow from the clouds is present, a) flat terrain, b) steep terrain.   
193 
FIGURE 7.4: Analysis of the impact of slope/aspect on elevation errors a) 2000-2004 aspect, b) 2004-2005, 2005-
2006 aspect, c) 2000-2004 slope, d) 2004-2005, 2005-2006 aspect. 
195 
FIGURE 7.5:  Area of interest a) 2000 and 2004 areas, b) 2005, showing areas where data was excluded due to 
obvious distortions in the 3B band which resulted due to the presence of cloud and snow. 
196 
FIGURE 7.6:  Surface elevation changes a) between 2000-2004 (with annual rates also displayed), b) between 
2004-2005. 
197 
FIGURE 7.7:  Surface elevation changes with all data above 2150 m excluded, and linear regression applied a) 
2000-2004, b) 2004-2005. 
198 
FIGURE 7.8:  Surface elevation changes a) all glacier 2000-2004 annual rates , b) all suitable glacier area 2004-
2005, c) all data up to 2150 m 2000-2004 annual rates, d) all data up to 2150 m 2004-2005 (all negative changes 
shown in red, all positive in green. 
200 
FIGURE 7.9: Surface velocities between 2004-2005.  The Miage Glacier outline is shown to illustrate areas of 
zero velocity on the valley sides. 
202 
FIGURE 8.1: Rock samples spectral signatures a) little variation between the top and bottom (site 1c), b) clear 
variation on each side of the rock (site 10e). 
209 
xvii 
 
FIGURE 8.2: Map of geological units in surface debris on Miage glacier (Deline, 2002), Where L0 Rusted debris, 
L1 Mount Blanc granite (L1a Coarse grained, L1b medium grained, L1c granite with feldspars), L2 Micro 
granite, L3 Gneiss, L4 Schists (L4a Chloroschists, L4b Black crystal schists, L4c Ochreous schists, L4d whist 
schists) L5 Ardoisier schist, L6 Quartzites, L7 Amphibolite, L8 tectonic breccias. 
212 
FIGURE 8.3: Training sites identified from the 2007 field map of the location of major rock types (R:2, G:3, B:4). 213 
FIGURE 8.4: a) sample of schist collected at site 12D, b) spectral response of sample 12D. 216 
FIGURE 8.5:  a) sample of gneiss collected at site 14C, b) spectral response of sample 14C. 216 
FIGURE 8.6: a) sample of rusted debris collected at site 10B, b) spectral response of sample 10B. 217 
FIGURE 8.7: a) sample of slate collected at site 11A, b) spectral response of sample 11A. 217 
FIGURE 8.8: a) sample of granite collected at site 7A, b) spectral response of sample 7A. 217 
FIGURE 8.9:  a) sample of tectonic breccia collected at site 7C, b) spectral response of sample 7C. 218 
FIGURE 8.10: ‘Cut’ dendrogram output for all collected rock samples, where each colour represents a new class 
identified manually, a) using their spectral response at all wavelengths of the spectroradiometer, b) ASTER bands 
1-9. 
219 
FIGURE 8.11: Supervised classification outputs with the slope class removed. 222 
FIGURE 8.12: Photograph of lower transect area in 2006 showing presence of schist and gneiss (along with other 
rock types), with corresponding extract from classified image suggesting schist dominates the same region. 
226 
FIGURE 8.13: Unsupervised classification of rock type distribution. 227 
 
 
 
 
 
 
 
 
 
 
 
 
xviii 
 
LIST OF EQUATIONS 
 Page 
EQUATION 2.1: Thermal conductivity (K) 15 
EQUATION 2.2: Thermal resistance (Tr) 16 
EQUATION 2.3: Thermal diffusivity (Tdf) 17 
EQUATION 2.4: Conductive heat flux (COND) 18 
EQUATION 2.5: Semi-automatic debris-covered glacier boundary mapping on Landsat TM data 30 
EQUATION 2.6: Semi-automatic debris-covered glacier boundary mapping on ASTER data 30 
EQUATION 2.7: Surface energy balance of a glacier 37 
EQUATION 2.8: Surface energy balance of a debris-covered glacier 37 
EQUATION 2.9-2.13:SWR  38 
EQUATION 2.14-2.16: LWR 39 
EQUATION 2.17: SHF 41 
EQUATION 2.18-2.19: Bulk Richardson number 43 
EQUATION 2.20: Energy from precipitation 45 
EQUATION 2.21: Change in heat store 45 
EQUATION 2.22: Calculating melt 46 
EQUATION 2.23-2.26: Nakawo and Young (1981) energy balance equation  
EQUATION 2.27-2.29: Nicholson and Benn (2006) LHF and SHF calculation 
47 
50 
EQUATION 5.1:  Linear regression equation for calculating debris thickness 110 
EQUATION 5.2:  Quadratic regression equation for calculating debris thickness 110 
EQUATION 5.3: Simplified energy balance model for debris-covered glaciers 112 
EQUATION 5.4: Equation to estimate debris thickness 117 
EQUATION 5.5: Air temperature regression equation using radiative temperature  121 
EQUATION 5.6:  08:00 - 10:00 air temperature regression equation using radiative temperature (01/08/05) 123 
EQUATION 5.7-5.14: Mihalcea et al.,  (2008) regression equations to estimate debris thickness from surface 
temperature data, each equation applicable at 100 m elevation bands 
137 
EQUATION 5.15: Estimating upwelling LWR 146 
 
 
xix 
 
TERMINOLOGY 
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∂STOR = change in heat store (W m-2 or M J m-2) 
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AVP = Air vapour pressure (kPa) 
AWS = automatic weather station  
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β = Coefficient of heat transfer (4.89 J m-3 deg -1)  
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c = Specific heat capacity of air at constant pressure (1.0 J kg-1 deg -1)  
COND = Conductive heat flux (W m -2) 
Cpw = Specific heat capacity of water (4200 J kg-1 deg -1) 
ct = density of material (Kg  m-3) 
D 
d = Debris thickness (m) 
D = Bulk exchange/transfer coefficient (J m-3 K-1) 
Df = Diffuse fraction of total incoming shortwave radiation (Wm-2) 
E 
ε* = Effective emissivity of the sky  
ea = Vapour pressure in the air (Pa) 
ep = empirical constant (stability correction constant) 
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LHF = Latent heat flux (W m-2) 
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ABSTRACT  
 
Utilisation of remote sensing for the study of debris-covered glaciers: development and testing of 
techniques on Miage Glacier, Italian Alps 
 
An increase in the number of debris-covered glaciers and expansion of debris cover across many glaciers 
has been documented in many of the world’s major glacierised mountain ranges over the last 100 years. 
Debris cover has a profound impact on glacier mass balance with thick layers insulating the underlying ice 
and dramatically reducing ablation, while thin or patchy cover accelerates ablation through albedo 
reduction. Few debris-covered glaciers have been studied in comparison with ‘clean’ glaciers and their 
response to climatic change is uncertain. Remote sensing, integrated with field data, offers a powerful but 
as yet unrealised tool for studying and monitoring changes in debris-covered glaciers. Hence, this thesis 
focuses on two key aims: i) to test the utility of visible/near infrared satellite sensors, such as TERRA 
ASTER, for studying debris-covered glaciers; ii) to develop techniques to fully exploit the capability of 
these satellite sensors to extract useful information, and monitor changes over time. 
Research was focused on four interrelated studies at the Miage Glacier, in the Italian Alps. First, a new 
method of extracting debris-thickness patterns from ASTER thermal-band imagery was developed, based 
on a physical energy-balance model for a debris surface. The method was found to be more accurate than 
previous empirical approaches, when compared with field thickness measurements, and has the potential 
advantage of transferability to other sites. The high spatial variability of 2 m air temperature, which does 
not conform to a standard lapse rate, presents a difficulty for this approach and was identified as an 
important area for future research.  Secondly, ASTER and Landsat TM data are used to map debris-cover 
extent and its change over time using several different methods.  A number of problems were encountered 
in mapping debris extent including cloud cover and snow confusion, spatial resolution, and identifying the 
boundary between continuous and sporadic debris.  Analysis of two images in late summer 1990 and 2004 
revealed only a small up glacier increase in debris cover has occurred, confirming other work’s conclusions 
that the debris cover on Miage Glacier increased to its present extent prior to the 1990s.   
A third area of research used ASTER DEMs to monitor surface elevation changes of the Miage Glacier 
over time to update previous studies.  Surface velocities on the glacier tongue were also calculated between 
2004-2005 using feature-tracking of ASTER orthorectified visible band imagery and ASTER DEMs.  
However, ASTER DEMs were found to be rather poor for both applications due to large elevation errors in 
topographically rough parts of the glacier, which prevented a full analysis and comparison of results to 
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previous surface elevation  and velocity studies.  Finally, the lithological units of the debris cover were 
mapped, based on the spectral differences of different rock types in the debris layer, providing information 
both on the location and concentration of different rock types on the surface.  Therefore, the identification 
in the variation in emissivity throughout the glacier surface can be identified, which in turn has an impact 
upon calculated surface temperatures and ablation respectively.  
 
Overall, this research presents a significant contribution to understanding the impact of a debris layer on an 
alpine glacier, which is an area of key interest and current focus of many present glaciological studies. 
Since future glacial monitoring will increasingly have to consider supraglacial debris cover as a common 
occurrence, due to climate warming impacts of glacial retreat and permafrost melting.  This contribution is 
achieved through the successful application of methods which utilise ASTER data to estimate debris 
thickness and debris extent, and the lithological mapping of debris cover.  Therefore, the potential for 
incorporating these remote sensing techniques for debris-covered glaciers into current global glacier 
monitoring programs has been highlighted.  However the utility of ASTER derived DEMs for surface 
elevation change analysis and surface velocity estimations in a study site of steep and varied terrain has 
been identified as questionable, due to issues of ASTER DEM accuracy in these regions.   
 
 
 
 
